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Abstract

Receptor tyrosine kinases (RTKSs) are essential components of signal transduction pathways that
mediate cell-to-cell communication. These single-pass transmembrane receptors, which bind
polypeptide ligands — mainly growth factors — play key roles in processes such as cellular growth,
differentiation, metabolism and motility. Recent progress has been achieved towards an
understanding of the precise (and varied) mechanisms by which RTKs are activated by ligand binding
and by which signals are propagated from the activated receptors to downstream targets in the cell.

Introduction

Tyrosine phosphorylation is a highly regulated post-translational modification that is essential
for inter- and intracellular communication in metazoans. The enzymes that catalyze phosphoryl
transfer to tyrosine residues in protein substrates, using ATP as a phosphate donor, are the
protein tyrosine kinases, of which there are 58 receptor types (RTKs) and 32 non-receptor types
in the human genome [1]. The RTK family includes, among others, epidermal growth factor
receptor (EGFR), platelet-derived growth factor receptors, fibroblast growth factor receptors
(FGFRs), vascular endothelial growth factor receptors, Met (hepatocyte growth factor/scatter
factor [HGF/SF] receptor), Ephs (ephrin receptors), and the insulin receptor. RTKs are essential
components of cellular signaling pathways that are active during embryonic development and
adult homeostasis. Because of their roles as growth factor receptors, many RTKSs have been
implicated in the onset or progression of various cancers, either through receptor gain-of-
function mutations or through receptor/ligand overexpression [2].

RTKSs are single-pass, type | receptors resident in the plasma membrane. Generally, RTKs are
activated through ligand-induced oligomerization, typically dimerization, which juxtaposes
the cytoplasmic tyrosine kinase domains [3]. For most RTKSs, this juxtaposition facilitates
autophosphorylation in trans of tyrosine residues in the kinase activation loop or
juxtamembrane region, inducing conformational changes that serve to stabilize the active state
of the kinase [4]. These and other phosphotyrosine residues serve as recruitment sites for a host
of down-stream signaling proteins — enzymes and adapter/scaffolding proteins — typically
through Src homology-2 (SH2) or phosphotyrosine-binding (PTB) domains, which recognize
phosphotyrosine residues in specific sequence contexts [5].
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Understanding the precise structural mechanisms by which ligands and co-factors induce RTK
oligomerization and activation continues to be an active area of research. In addition, advances
in proteomics techniques and live-cell imaging have yielded global spatial and temporal views
of cellular signal propagation. This review high-lights the recent advances in these areas.

Mechanisms of activation of receptor tyrosine kinases

Several years ago, the structural mechanisms by which members of the EGFR subfamily of
RTKs (EGFR/ErbB1, ErbB2, ErbB3 and ErbB4) undergo ligand-induced dimerization (2:2
ligand-receptor complex) were elucidated through crystallographic studies [6]. Despite these
major advances, questions regarding the kinetics of ligand-receptor and receptor-receptor
association at the cell surface remained. For example, there is evidence that EGFRSs can exist
in a ligand-free, pre-dimerized (but inactive) state on the cell surface [7]. Single-molecule
fluorescence experiments in living cells [8¢] have provided evidence for a kinetic intermediate
in EGF-mediated receptor activation, in which a single EGF molecule is bound to a pre-
dimerized receptor, which, through positive cooperativity, greatly facilitates binding of a
second EGF molecule to the complex to trigger receptor activation. In another EGF-EGFR
binding study, mathematical modeling indicates that the difference in EGF binding affinity for
the tethered (autoinhibited) versus extended (dimerization-competent) states of EGFR is only
two- to three-fold, implying that other autoinhibitory mechanisms are likely to be operative as
well [9].

Until recently, the mechanism by which the EGFR kinase domain was activated in a ligand-
stabilized receptor dimer was unresolved. All four ErbB family members contain a conserved
tyrosine in the kinase activation loop, but this tyrosine (Tyr845 in EGFR) is not an
autophosphorylation (in trans) site, and its phosphorylation is not required for kinase
activation. Through crystallographic and biochemical studies, Zhang et al. [10e¢] have
demonstrated that the EGFR kinase is activated by an allosteric mechanism, in which the C-
terminal lobe (C-lobe) of one kinase domain within the receptor dimer makes specific contacts
with the N-lobe of the other kinase domain (forming an asymmetric dimer), activating the latter
(Figure 1a). This mechanism is reminiscent of the activation of cyclin-dependent kinase-2
(CDK?2), a serine/threonine kinase, by cyclin A [11], and provides a satisfying explanation for
how ErbB3, with an intrinsically inactive kinase domain, is still capable of activating other
ErbB family members in heterodimers.

The RTK Met is activated through binding of HGF/SF. Using electron microscopy and small-
angle x-ray scattering to provide low-resolution structural constraints, Gherardi et al. [12¢]
have proposed a model for the active HGF-Met complex, in which a 2:2 ligand-receptor
complex is stabilized through dimerization of the ‘n’ and ‘k1’ domains of HGF, with no direct
receptor—receptor interactions. As is the case for most RTKs, the kinase domain of Met is
stabilized in a catalytically repressed state prior to activation-loop phosphorylation. A crystal
structure of the unphosphorylated Met kinase domain shows that the activation loop makes
numerous interactions with residues of the N-lobe to maintain a low basal level of activity
[13].

Activation of FGFRs requires both a polypeptide ligand and heparan sulfate proteoglycans
[14]. In mammals, there are four receptors and over twenty FGF ligands, with alternative
splicing of both ligands and receptors. Recently, the molecular basis for the differential
signaling properties of alternatively spliced FGF8, a key mitogenic factor during mid-hindbrain
patterning in the developing vertebrate embryo, was revealed. Structural and in vitro binding
studies of FGF8a and FGF8b with FGFRs demonstrated that a single residue (Phe32) in the
N-terminal region of FGF8b, which is not present in FGF8a, enhances the signaling strength
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of FGF8b by increasing receptor affinity and, perhaps, by enabling the kinase domains in the
FGFR dimer to associate more closely than in a typical 2:2 FGF-FGFR complex [15].

Unlike the majority of RTKs, which are single-chain receptors, the insulin receptor is an
apPo heterotetramer that undergoes a not-well-characterized structural re-arrangement upon
insulin binding. Recently, the entire disulfide-linked ectodomain of the insulin receptor has
been crystallized and its structure determined [16e¢]. The o chain of the ectodomain comprises
two leucine-rich (L) domains with an interposed cysteine-rich domain, followed by an intact
fibronectin type Il (Fnlll) domain and a partial Fnlll domain. The B chain contains the second
half of the second Fnlll domain, which is followed by a third Fnlll domain before the
transmembrane helix. The tyrosine kinase domain resides in the cytoplasmic portion of the B
chain. The crystal structure revealed a symmetric, “folded-over’ conformation in which the L1
domain of one a chain is juxtaposed with the first Fnlll domain from the other a. chain to form
the high-affinity binding site for insulin (Figure 1b). Although many issues related to the signal
transduction mechanism remain unresolved — most fundamentally, the effect of insulin
binding on the relative positioning of the cytoplasmic kinase domains — this structure provides
a working framework for the spatial organization in the insulin receptor ectodomain.

A subset of RTKSs, including Ret and MuSK (muscle-specific kinase), do not bind their ligands
directly, but require co-receptors or other accessory proteins for ligand-induced activation. Ret
mediates signaling in response to the glial cell-derived neurotrophic factor (GDNF) family of
neuronal growth factors, and requires a GPI-linked co-receptor for activation. Schlee et al.
[17<] have provided a quantitative description of the assembly of an active GDNF-Ret—co-
receptor signaling complex, consisting of one molecule of ligand (a covalent homodimer), two
molecules of co-receptor, and two molecules of Ret. Moreover, the experiments revealed the
sequence of steps involved in the assembly of the signaling complex and the affinities of the
interactions. Crystal structures of the tyrosine kinase domain of Ret in its unphosphorylated
and phosphorylated states, along with biochemical data, indicate that phosphorylation is not
required for Ret kinase activation [18].

MuSK is critical for neuromuscular junction formation and is activated by neuronally derived
agrin, alarge heparan sulfate proteoglycan. The accessory molecule/co-receptor in muscle cells
that allows MuSK to be activated by agrin has yet to be identified. A recent crystal structure
of the first two immunoglobulin-like domains of MuSK, which are the agrin-responsive
elements of the MuSK ectodomain, revealed a hydrophobic patch on the surface of 1g-like
domain-1, which functional studies showed is important for MuSK activation by agrin [19].
Whether this patch mediates a homotypic (MuSK dimer) or heterotypic (MuSK-agrin/co-
receptor) interaction was not distinguished.

Signaling mechanisms downstream of activated receptor tyrosine kinases

In most cases, the phosphotyrosine recruitment sites in RTKs are located in the C-terminal tail
of the receptor, the juxtamembrane region, or the kinase insert region. These regions in RTKs
are, for the most part, unstructured and are readily accessible to SH2 and PTB domains. In
contrast, the phosphorylated activation loop within the insulin receptor kinase domain (IRK)
has been shown to be the target for the SH2 domain-containing adapter proteins APS and
Grb10/14. The IRK activation loop contains three autophosphorylated (in trans) tyrosine
residues and adopts a particular conformation (i.e. is structured) upon phosphorylation. A
crystal structure of the complex between phosphorylated IRK and the SH2 domain of APS
reveals that the APS SH2 domain adopts a non-canonical dimeric configuration in which each
protomer is capable of interacting with two phosphotyrosines in the IRK activation loop [20].
In the case of Grb10/14, the SH2 domain is also dimeric and recognizes two phosphotyrosine
residues in the IRK activation loop [21¢]. In addition, a ~40 amino acid region (BPS; between
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PH and SH2) upstream of the SH2 domain in Grb10/14 binds as a pseudosubstrate inhibitor
in the peptide binding groove of the kinase [21] (Figure 1b). As shown by gene deletion studies,
Grb14 is a tissue-specific negative regulator of the insulin receptor [22].

Departing from the standard RTK signaling paradigm, studies on ErbB4 (EGFR family) have
demonstrated that the extracellular juxtamembrane region of an ErbB4 splice variant (JM-a)
is cleaved by a dual-protease system (TACE—presenilin) in a ligand (neuregulin)-dependent
manner [23]. Recently, the liberated ErbB4 cytoplasmic domain was shown to form a complex
with the adapter TAB2 and co-repressor N-CoR. This complex translocates to the nucleus and
acts to repress gene transcription in neuronal precursor cells, preventing differentiation into
astrocytes [24].

Proteolysis is also involved in signaling by Ephs, which bind ephrins and mediate cell motility,
among other processes [25]. Unlike most RTK ligands, ephrins are attached to the plasma
membrane, either by a GPI linkage (type A) or a transmembrane segment (type B). The
mechanism by which ephrin—Eph interactions in trans, across opposed cells, lead to repulsion
(rather than attraction) of these cells has not been fully understood. Earlier work showed that
a cleavage event mediated by the metalloprotease ADAM10 is involved in the process [26].
Biochemical and structural studies [27<] now describe how ADAM10 constitutively associates
with the receptor, EphA3, in the same cell and cleaves the ligand, ephrinA5, in the opposing
cell upon ternary complex formation.

Global studies of receptor tyrosine kinase signaling

Studies of RTK signaling pathways have begun to move from detailed studies of individual
components to system-wide analyses of entire cascades. These advances have been made
possible by the development of new technologies in proteomics and functional genomics.
Several recent studies have provided ‘panoramic’ views of tyrosine phosphorylation events
that would have been unthinkable a few years ago.

Quantitative proteomic strategies have enabled the unbiased analysis of the temporal aspects
of phosphotyrosine signaling. The mass-spectrometry-based approach SILAC (stable isotope
labeling by amino acids in cell culture) [28] has been applied to the EGFR signaling network.
The tyrosine phosphorylation status of 202 proteins was determined in unstimulated cells or
in cells stimulated with EGF for 1, 5, 10, or 20 min [29e¢]. Significant changes were observed
in the phosphorylation state of 81 proteins, including some that had not previously been
implicated in EGFR signaling. The phosphorylation profiles illuminated the dynamics of
signaling in this system. Strikingly, the data showed a sequence of activation events leading
from the receptor itself to MAP kinases, with adaptor proteins and guanine nucleotide exchange
factors as intermediates. In another approach, tryptic peptides from EGF-stimulated cells were
chemically derivatized prior to IMAC phosphopeptide enrichment and mass spectrometry
[30<]. This study permitted the identification of changes in phosphorylation at individual sites.
The data from these two studies of EGF signaling were largely consistent. The SILAC method
was recently extended to measure the phosphorylation of 2244 proteins at 6600 tyrosine, serine
and threonine sites after EGF stimulation [31¢]. About half of the proteins contained multiple
sites of phosphorylation; in many cases, the multiple sites were phosphorylated with different
kinetics, consistent with the role of such proteins as integrating devices.

Similar mass spectrometry-based strategies have been applied to other RTKSs. Stable isotope

labeling was used to identify proteins with increased tyrosine phosphorylation upon ephrinB1
stimulation of cells [32], and to study insulin signaling in 3T3-L1 adipocytes that were treated
with insulin for various lengths of time [33]. Both of these studies established the dynamics of
phosphorylation for previously identified substrates and for additional proteins that potentially
represent novel effectors. For example, four proteins implicated in GLUT4 translocation were
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tyrosine phosphorylated in response to insulin [33]. Two recent reports have focused on
signaling by ErbB2, a protein that is overexpressed in 20-30% of human breast cancers and is
associated with a poor prognosis. A large number of phosphorylation sites were identified in
ErbB2-expressing cells [34,35]. In both studies, parallel experiments were carried out in the
presence of the ErbB2-selective inhibitors Herceptin or PD168393. The inhibitors reversed
many of the phosphorylation events observed in ErbB2-expressing cells, confirming their
relevance to ErbB2 signaling. These results demonstrate that phosphotyrosine proteomic
studies can be used to understand the effects of kinase inhibitors on cellular signaling networks.

Protein microarrays containing immobilized SH2 and PTB domains have also been used in
global studies of EGFR signaling. Binding strengths were measured for phosphotyrosine-
containing peptides representing the autophosphorylation sites on ErbB1-4. The resulting
apparent equilibrium dissociation constants were used to develop a quantitative interaction
network for the receptors [36¢]. The data reveal the degree of selectivity for different
autophosphorylation sites at different thresholds of affinity. ErbB1 (EGFR) and ErbB2 become
more promiscuous as the affinity threshold is lowered, suggesting that overexpression of these
proteins could trigger signaling through alternative pathways. Another proteomic approach to
studying SH2-domain-dependent signaling is to couple the domains to oligonucleotide tags,
and to use the binding properties of the tagged domains to profile tyrosine phosphorylation in
a sample [37]. The interactions revealed by this approach (termed oligonu-cleotide-tagged
multiplex assay or OTM) can then be quantified by PCR. The approach is extremely sensitive,
as demonstrated by phosphotyrosine fingerprinting of samples from tumor cell lines and human
leukemia patients [37].

The proteomic studies highlighted above focused on tyrosine-phosphorylated proteins or on
proteins that interact physically with RTKs or SH2 domains. In a complementary approach
aimed at identifying regulatory components that need not interact directly with RTKSs, a
genome-wide RNA interference-based screen was carried out in D. melanogaster cells [38e].
Following dsRNA knockdown and insulin stimulation, cells were screened using a reporter
for the active form of ERK. A number of genes were found to influence, positively or
negatively, ERK signaling, including genes involved in trafficking, cytoskeletal maintenance,
transcription and cell proliferation. To determine which genes were required in response to
specific RTK activation, the initial hits were subsequently re-screened after stimulation of
several RTKSs in turn. This functional genomic approach provides a global view of the critical
components and connections in the RTK regulatory network; data for individual RTKSs can
now be integrated with the relevant proteomics studies.

Conclusions

Because of their key roles in mediating cellular proliferation, RTKSs, as well as non-receptor
tyrosine kinases such as Src and Abl, are attractive candidates for therapeutic intervention.
Over the past 15 years, much has been learned regarding the regulatory mechanisms that govern
RTK expression, ligand activation, downstream signaling and downregulation. This
fundamental biochemical information has been crucial in the quest to develop targeted
therapeutics, both to the extracellular regions of RTKs using monoclonal antibodies and to the
cytoplasmic (kinase) domains using small-molecule inhibitors (Figure 2). With regard to the
latter, imatinib (Gleevec) inhibition of Ber—Abl in chronic myeloid leukemia (CML) continues
to serve as a paradigm [39,40].

The ATP-competitive inhibitors gefitinib (Iressa) and erlotinib (Tarceva), which target the
EGFR kinase, show promise in the treatment of non-small-cell lung cancer (NSCLC). In
clinical trials, dramatic responses to gefitinib were realized by a subset of NSCLC patients,
and were correlated with specific point mutations and deletions in EGFR [41-43]. Yet, just as
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with imatinib treatment of CML patients, NSCLC patients treated with gefitinib are subject to
relapse, due to secondary mutation of the ‘gatekeeper’ residue in the ATP binding pocket,
which confers resistance to both drugs [44,45].Several compounds have now been identified
that are effective against such secondary mutations in Ber-Abl, EGFR, and Kit [46], and novel
strategies for the development of conformation-selective tyrosine kinase inhibitors have been
reported [47¢], which exploit the generally greater conformational differences between inactive
states of kinases than between active states. The next five years or so should provide a good
indication as to how well we are able to translate the accrued mechanistic knowledge of RTK
signaling into clinical efficacy.
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Figure 1.

Modes of RTK dimerization and downstream protein recruitment. (a) Structural model of the
activated EGF—EGFR complex. On the extracellular side of the plasma membrane (colored
gray and shown approximately to scale), the 2:2 EGF:EGFR complex is two-fold symmetric
(dyad axis is vertical). The two receptors in the complex are colored cyan and purple
(alternating light and dark coloring for the subdomains), and the two EGF molecules are colored
orange (ribbon diagram with semi-transparent surface). The four subdomains of the EGFR
ectodomain are, sequentially, L1-CR1-L2-CR2. The transmembrane helices are shown as
cylinders, and linker segments (juxtamembrane regions [extra- and intracellular] and C-
terminal tail) are drawn schematically as thick lines. On the cytoplasmic side, the two tyrosine
kinase domains (N- and C-lobes colored dark and light, respectively) form an asymmetric
dimer, with the C-lobe of one kinase domain (purple) interacting with the N-lobe of the other
kinase domain (cyan). This interaction activates the second kinase domain (cyan) [10e¢]. The
yellow spheres represent phosphotyrosine recruitment sites in the C-terminal tail of the
cytoplasmic domain. The structures are derived from PDB codes 11VO [48] and 1INQL [49]
(ectodomain dimer) and 1M14 [50] (kinase dimer). (b) Structural model of the ayp, insulin
receptor with Grb14 bound. The insulin receptor ectodomain is two-fold symmetric (dyad axis
is vertical) and consists, sequentially, of subdomains L1-CR1-L2-Fn1-Fn2-Fn3, of which
L1-CR1-L2-Fn1-Fn2(N) are on the a chain and Fn2(C)-Fn3 are on the B chain (the chains
are not distinguished in the figure). The tyrosine kinase domains (p chain) are colored as in
(@). The BPS—-SH2 portion of Grb14 (ribbon diagram with semi-transparent surface) binds to
the kinase domain (2:2 complex) and inhibits catalytic activity. The SH2 domain (orange)
mediates Grb14 dimerization and the BPS region (black) binds as a pseudosubstrate inhibitor
in the kinase active site. The structures are derived from PDB codes 2DTG [16¢¢] (ectodomain)
and 2AUG and 2AUH [21¢] (Grb14-IRK complex). Insulin is not bound to the ectodomain in
this structure, but its presumed binding site (one of two equivalent sites) between L1 (a-chain
1) and Fnl (a-chain 2) is indicated by the arrow. In both (a) and (b), the distance between the
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transmembrane helices is somewhat arbitrary, owing to the (presumed) flexible linkers
connecting CR2 (a) and Fn3 (b).
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Figure 2.

Binding of small-molecule inhibitors to RTKs. The ATP-competitive inhibitors are shown in
stick representation with a semi-transparent surface. Carbon atoms are colored yellow, oxygen
atoms red, and nitrogen atoms blue. (a) Crystal structure of the tyrosine kinase domain of the
EGFR kinase domain in complex with erlotinib (Tarceva) [50]. (b) Crystal structure of the
tyrosine kinase domain of Kit in complex with imatinib (Gleevec) [51]. For both (a) and (b),
the N-lobe of the kinase is colored dark gray, the C-lobe light gray, a-helix C (N-lobe) light
blue, the catalytic loop (C-lobe) orange, and the activation loop (C-lobe) green. The activation
loop in (a) is in an active state, whereas the activation loop in (b) is in an autoinhibited, inactive
state. The ‘gatekeeper’ residue (Thr790 in EGFR, Thr670 in Kit), which when mutated causes
drug resistance to both erlotinib and imatinib, is colored magenta (in the back of the N-lobe).
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